Abstract. Wollastonite bioceramics prepared from synthetic and natural precursors were implanted in rats in bone and subcutaneous tissues. The implant sites were excised after 7, 30 and 120 days, fixed, dehydrated, embedded in paraffin wax for serial cutting and examined under transmitted light microscope. It was found a very similar behavior for both wollastonite bioceramics. They were biocompatible, bioactive and biodegradable when implanted in rat bone. The synthetic ceramic was more reabsorbable than the one from natural powder. When implanted in subcutaneous rat tissue, both materials elicited a mild initial inflammatory reaction that practically disappeared after 120 days. Both materials were encapsulated with a very thin fibrous capsule and slightly reabsorbed at their surfaces. None of the materials induced ectopic osteogenesis. According to the results, the studied materials seem to be able for manufacturing reabsorbable bone implants.
Introduction
Pseudowollastonite (ps-W, β-CaSiO 3 ) bioceramics have recently received great attention as hard tissue repairing material [1] [2] [3] [4] . They are biocompatible, bioactive and partially biodegradable, and release silicon and calcium ions to the physiological environment, which are able to stimulate certain cells to produce bone matrix. In a recent work the chemical, physical and mechanical properties of ps-W ceramics made from synthetic and natural powders were compared, and no significant difference was found. In vitro cytotoxicity tests did not revealed any differences between synthetic and the cheaper ps-W ceramic made from natural powder [4] . Thus, the aim of this study was to assess the in vivo biological behaviour of ps-W bioceramics made from synthetic and natural precursors.
Materials and Methods
Sintered Synthetic Wollastonite (SSW). Synthetic polycrystalline ps-W powder with an average particle size of 1.6 µm was prepared as elsewhere described [4] , isostatically pressed at 200 MPa and sintered at 1400°C for 2 h (heating and cooling rates of 600°C/h), to obtain cylinder bars (1 mm in diameter), which were cut with a diamond saw into cylinders with the required height.
Sintered Natural Wollastonite (SNW). Powdered natural wollastonite, Vansil® W40, supplied by R.T. Vanderbilt, was milled in isopropanol by attrition milling to an average particle size of 2.0 µm [4] . The natural powder was processed as described above to obtain sintered cylinders with the same dimensions.
All implants were sterilized with ethylene oxide. Implantation. Thirty six male rats (Rattus Norvevicus Holtzman) weighing around 200 g were used (eighteen animals for each experimental material). They were anesthetized with an intraperitoneal injection of a mixture of ketamine (1 mL/kg, Agener União) and xylazine (0,1 mL/kg, Rompum-Bayer). The dorsal and anterior leg regions were shaved and externally disinfected. Two parallel longitudinal surgical incisions of 15 mm length were made at dorsal and subcutaneous cavities were created by mean of surgical tweezers. Left side cavities were filled with cylindrical implants (1mm diameter x 4 mm height) and right ones were left empty and used as negative controls.
A longitudinal incision was carried out in the anterior region of each leg to expose the tibiae subperiosteally. At the mid-diaphyseal region, a drill hole was made transcortically using a No. 6 spherical dental burr (Broca Carbide, KG Sorensen) under saline irrigation. The surgical defects created in left tibiae were filled with cylindrical implants (1 mm diameter x 2 mm height) and those in right tibiae were left void an employed as negative controls.
All wounds were sutured with Mononylon 5-0 (Ethicon, Johnson & Johnson) and an analgesic single dose of acetyl salicylic acid (120-300 mg/kg, Eurofarma) was orally administered after surgery. The animals were kept in isolated cages, fed on a standard diet and received water ad libitum according to the recommendations of the Canadian Council on Animal Care.
Groups of six animals for each implant material were sacrificed by injection of thiopental (1.6 mL/kg, Cristália) after 7, 30 and 120 days. The dorsal and tibia segments containing the implant were sectioned with a scalpel or diamond saw, as required. The tissue blocks containing the implants were fixed for 72 h in Bouin solution. Afterwards, blocks were washed under tap water and tibiae specimens were decalcified in Morse solution and washed in phosphate buffer (pH 7.0). All samples were routinely dehydrated and included in paraffin wax. Semi-serial cuts (6 µm in thickness) were dyed with hematoxylin and eosin and examined and photographed by the transmitted light microscope (BX51 coupled to Camedia C-5060-5.1 MPix., Olympus).
Results and Discussion
After 7 days the SSW implants in tibiae appeared partially reabsorbed and completely covered by periosteum (p) as showed in fig. 1a . There were osteocytes (black arrows) and capillary vessels (v) in the neighborhood of the implant site (*), and new bone matrix (m) replaced the ceramic at the reabsorption sites. No signs of inflammatory reaction were observed. At 30 days ( fig. 1b ) numerous osteocytes and capillary vessels were observed near the periosteum at the implantation site. Immature bone matrix, rich in osteoblasts (black arrows), continued replacing the SSW implant. After 120 days (Fig. 1g) the SSW implant has been completely reabsorbed and the bone defect (dashed line) was completely repaired by new bone tissue.
On the other hand, SNW implants were not completely dissolved during decalcification as evidenced by the crystalline rest observed in Figs. 1d, 1e , and 1f. At the 7 and 30 days (figs. 1d and 1e) periods the histological findings were the same described before for SSW implants; new bone matrix was deposited around the implant site and some marrow lacunae (bm) appeared in fig. 1e . However, a clear difference was observed at 120 days (fig. 1f) ; rest of the SNW implant was still present, suggesting that SNW implants has lower in vivo reabsorption rate than the SSW ones. Normal mature bone (b) was formed at the implant site. The periosteum ingrowth exuded rest of the material. Bone matrix was also deposited supra-periosteally around the exuded rest of material. The difference in rate of reabsorption might be related to the greater Si-rich glass content of SNW with regards to SSW [4] .
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Control sites (figs. 1g, 1h, and 1i) exhibited normal healing and angiogenesis (ag) without any sign of inflammatory response. A similar healing rate was observed for void control sites and implanted sites, in both SSW and SNW. Fig. 1 . Photographs taken in transmitted light microscope of thin serial sections of bone implant sites at 7 (a, d, and g), 30 (d, e, and f) and 120 days (g, h, and i) for SSW (a, b, and c), SNW (d, e, and f) and control (g, h, and i).
The implants of SSW and SNW placed in dorsal were not reabsorbed during any of the implantation periods. Thus, they had to be manually removed from the fixed blocks previously to paraffin wax inclusion and serial cutting. SSW and SNW presented the same biological response in vivo. At 7 days ( fig. 2a and 2b ) a thin fibrous capsule (f) covered the implants; capillary vessels (v) were dilated and contained plenty of cells. Some infiltrated mononuclear cells (macrophages and lymphocytes) were observed as well. After 30 days (figs. 2d and 2e) the signs of acute inflammation disappeared, the implants partially degraded and conjunctive tissue, rich in collagen fibers (c) and fibroblasts (black arrows) invaded the implant site. Signs of chronic inflammation like giant cells (thick black arrows), macrophages, lymphocytes, plasmocytes, and congested and dilated vessels (v) could be observed. At 120 days (figs. 2g and 2h) well organized and thin fibrous (f) capsule kept isolated the rests of the implants but a few chronic inflammatory cells could still be observed. Evidences for ectopic osteogenesis were not observed in any case.
Control sites showed, at the 7 days period, small areas with unorganized conjunctive tissue and some inflammatory cells as consequence of the surgical trauma ( fig. 2c) . After 30 days (fig 2f) , the connective tissue was partially organized into parallel collagen fibers, and the tissue remodeling continued till to 120 days, when the connective tissue existing in control sites had normal appearance. 
Conclusions
Ps-wollastonite ceramics made from synthetic and natural precursors were biocompatible, bioactive and biodegradable when implanted in rat tibiae. The synthetic ceramic was more reabsorbable than the one from natural powder. When implanted subcutaneously, both materials were biotolerable and slightly reabsorbable. None of the materials studied were able to induce ectopic osteogenesis. The studied materials seem to be able for manufacturing reabsorbable bone implants.
